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(57) ABSTRACT

An ESD protection device is provided which experiences
only small increases in discharge start voltage and discharge
protection voltage and relatively free of scorching or peeling
at the ends of the discharge electrodes thereof even if a dis-
charge repeatedly occurs. The ESD protection device has an
insulating substrate with a cavity, and in the cavity first and
second discharge electrodes are so disposed that the ends
thereof face each other with a gap therebetween. A first outer
electrode is on the outer surface of the insulating substrate and
electrically connected to the first discharge electrode, and a
second outer electrode is on the outer surface of the insulating
substrate and electrically connected to the second discharge
electrode. The ends of the first and second discharge elec-
trodes are thicker than any other portion of the first and
second discharge electrodes.
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1
ESD PROTECTION DEVICE AND METHOD
FOR PRODUCING THE SAME

TECHNICAL FIELD

The present invention relates to an ESD protection device
for protection from static electricity and a method for produc-
ing this device and more specifically to an ESD protection
device having a structure in which a pair of discharge elec-
trodes face each other in a cavity formed in an insulating
substrate and a method for producing this device.

BACKGROUND ART

Hitherto researchers have proposed various ESD protec-
tion devices for protecting electronic devices from electro-
static discharge, or ESD.

For example, Patent Document 1 discloses an ESD protec-
tion device having an insulating substrate and first and second
discharge electrodes arranged therein. The ESD protection
device disclosed in Patent Document 1 has a cavity in the
insulating substrate. In this cavity the first and second dis-
charge electrodes are exposed and the ends thereof face each
other. The first discharge electrode extends out of either end
face of the insulating substrate. An outer electrode is on each
of the pair of end faces of the insulating substrate. This ESD
protection device also has a mixing portion in the area where
the first and second discharge electrodes face each other, and
the mixing portion is on the lower surface side of the first and
second discharge electrodes and reaches the first and second
discharge electrodes. The discharge aid portion contains
metal particles and ceramic particles, and the metal particles
and the ceramic particles are dispersed in an insulating mate-
rial in the insulating substrate.

In the ESD protection device according to Patent Docu-
ment 1, the shrinkage of the ceramic material contained in the
insulating substrate and the first and second discharge elec-
trodes on firing and the difference in the coefficient of the
thermal expansion between these materials after the shrink-
age are reduced due to the presence of the mixing portion.
This ensures high precision in discharge start voltage, accord-
ing to the publication.

CITATION LIST
Patent Document
Patent Document 1: WO 2008/146514 Al
SUMMARY OF INVENTION
Technical Problem

When an electrostatic charge is applied to an ESD protec-
tion device, a discharge occurs between the first and second
discharge electrodes thereof. Repeated application of this
electrostatic charge and repeated discharges cause the ends of
the discharge electrodes to be melted by the heat generated
during the discharges. As the ends of the discharge electrodes
are melted, the size of the gap between the first and second
discharge electrodes becomes larger, thereby increasing the
discharge start voltage and, therefore, the discharge protec-
tion voltage. This ESD protection device may no longer be
reliable in protecting electronic devices from static electric-
ity.

An object of the present invention is to provide an ESD
protection device unlikely to experience an increase in the
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size of the discharge gap therein and, therefore, an increase in
discharge start voltage even when an electrostatic charge is
repeatedly applied thereto.

Solution to Problem

An ESD protection device according to the present inven-
tion has an insulating substrate with a cavity, first and second
discharge electrodes, and first and second outer electrodes on
an outer surface of the insulating substrate. Ends of the first
and second discharge electrodes face each other with a gap
therebetween in the cavity of the insulating substrate. The first
outer electrode is electrically connected to the first discharge
electrode, and the second outer electrode is electrically con-
nected to the second discharge electrode. In the ESD protec-
tion device according to the present invention, the ends of the
first and second discharge electrodes are thicker than any
other portion of the first and second discharge electrodes.

In a particular aspect of the ESD protection device accord-
ing to the present invention, the insulating substrate is a
ceramic multilayer substrate obtained by firing a stack of a
plurality of ceramic greensheets. This allows the ESD pro-
tection device according to the present invention to be
obtained using known techniques for co-firing ceramic
articles.

In another particular aspect of the ESD protection device
according to the present invention, a height of a lowest portion
of'a ceiling of the cavity is shorter than a thickness of thickest
portions of the first and second discharge electrodes at the
ends thereof when a direction of a thickness of the first and
second discharge electrodes is defined as a direction of a
height of the cavity. This makes aerial discharges more likely
to occur, thereby leading to enhanced ESD protection char-
acteristics.

In yet another particular aspect of the ESD protection
device according to the present invention, the ends of the first
and second discharge electrodes have an end face that is
straight when viewed from a cross-section including a direc-
tion where the ends face each other and the direction of the
thickness of the first and second discharge electrodes. This
reduces variations in discharge start voltage.

Still another particular aspect of the ESD protection device
according to the present invention has a discharge aid portion.
The discharge aid portion reaches the first and second dis-
charge electrodes in an area where the first and second dis-
charge electrodes face each other with the gap therebetween
and contains metal particles and semiconductor particles.
This leads to a reduced discharge start voltage as a result of
the discharge aid portion being formed.

A different particular aspect of the ESD protection device
according to the present invention has a sealing layer between
the discharge aid portion and the insulating substrate. This
provides protection for the cavity portion, keeping the inside
of the cavity free of foreign substances such as the glass
component dispersed in another material in the insulating
substrate, the discharge aid portion, and other elements,
thereby slowing down the damage to the insulation between
the discharge electrodes caused by penetration by the glass
component.

A method for producing an ESD protection device accord-
ing to the present invention includes preparing a plurality of
ceramic greensheets, forming first and second discharge elec-
trodes on at least one of the ceramic greensheets so that the
discharge electrodes are thicker at ends thereof than in any
other portion, placing plain ones of the ceramic greensheets
on and under the one carrying the first and second discharge
electrodes to make a laminate, firing the laminate to make an
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insulating substrate with a cavity in which the ends of the first
and second discharge electrodes face each other, and forming
first and second outer electrodes electrically connected to the
first and second discharge electrodes, respectively. The term
“plain ones of the ceramic greensheets” means ceramic
greensheets having surfaces which are not subjected to any
processing.

In a particular aspect of the method for producing an ESD
protection device according to the present invention, forming
the first and second discharge electrodes on the at least one of
the ceramic greensheets further includes, before forming the
first and second discharge electrodes or after forming the first
and second discharge electrodes, supplying a cavity-forming
material that turns into a gas when fired. This allows the cavity
to be formed by the gas generated from the cavity-forming
material while the ceramic material is fired.

In another particular aspect of the method for producing an
ESD protection device according to the present invention, the
cavity-forming material is so supplied that a height of the
cavity-forming material is lower than a thickness of thickest
portions of the first and second discharge electrodes at the
ends thereof. This ensures that the height of the resulting
cavity is lower than the thickness of the ends of the first and
second discharge electrodes.

In yet another particular aspect of the method for produc-
ing an ESD protection device according to the present inven-
tion, forming the first and second discharge electrodes further
includes, before forming the first and second discharge elec-
trodes or after forming the first and second discharge elec-
trodes, forming a discharge aid portion reaching the first and
second discharge electrodes, a metallic material and a semi-
conductor material dispersed in the discharge aid portion.
This leads to a reduced discharge start voltage as a result of
the discharge aid portion being formed.

In still another particular aspect of the method for produc-
ing an ESD protection device according to the present inven-
tion, making the discharge aid portion on the ceramic green-
sheet includes forming a sealing layer on the ceramic
greensheet and forming the discharge aid portion on the seal-
ing layer. This protects the discharge aid portion and other
elements from being eroded and slows down damage to the
insulation between the first and second discharge electrodes
because the sealing layer keeps the inside of the cavity free of
the glass component and other foreign substances contained
in the material for the insulating substrate.

Advantageous Effects of Invention

An ESD protection device according to the present inven-
tion, in which the first and second discharge electrodes are
thicker at the ends thereof than in any other portion, is advan-
tageous in that the gap expansion due to the melting of the
ends of the first and second discharge electrodes is suppressed
even if a discharge repeatedly occurs. The discharge start
voltage is prevented from increasing and the durability of the
ESD protection device under repeated use is improved. Fur-
thermore, the ends of the first and second discharge electrodes
are unlikely to be scorched or destroyed even after repeated
application of an electrostatic charge and repeated dis-
charges.

A method for producing an ESD protection device accord-
ing to the present invention makes it possible to provide an
ESD protection device according to the present invention
using known techniques for co-firing ceramic articles.

BRIEF DESCRIPTION OF DRAWINGS

FIGS. 1 (a) and 1 (b) are a front cross-sectional view of an
ESD protection device according to an embodiment of the
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present invention and an enlarged partially cutaway front
cross-sectional view of the essential elements thereof.

FIG. 2 is a partially cutaway front cross-sectional view of
the essential elements of an ESD protection device according
to Embodiment 2 of the present invention.

FIG. 3 is a partially cutaway front cross-sectional view of
the essential elements of an ESD protection device according
to Embodiment 3 of the present invention.

FIG. 4 is a partially cutaway front cross-sectional view of
the essential elements of an ESD protection device according
to Embodiment 4 of the present invention.

FIG. 5 is a partially cutaway front cross-sectional view of
the essential elements of an ESD protection device prepared
as a comparative example.

DESCRIPTION OF EMBODIMENTS

The following describes some specific embodiments of the
present invention with reference to the drawings to make the
present invention more clearly understood.

FIGS. 1 (a) and () are a front cross-sectional view of an
ESD protection device according to Embodiment 1 of the
present invention and an enlarged partially cutaway front
cross-sectional view of the essential elements thereof. An
ESD protection device 1 has an insulating substrate 2. In this
embodiment, the insulating substrate 2 is a ceramic multi-
layer substrate obtained by co-firing a stack of a plurality of
ceramic greensheets.

The insulating substrate 2 can be made of any suitable
insulating ceramic material. In this embodiment, a Ba—Al—
Si—O low-temperature co-fired ceramic (LTCC) substrate is
used.

The insulating substrate 2 has substrate layers 2a and 25. A
cavity 3 is on the substrate layer 2a. First and second dis-
charge electrodes 4 and 5 are also on the substrate layer 2a,
bordering the cavity 3. The ends 4a and 5a of the first and
second discharge electrodes 4 face each other in the cavity 3
with a gap therebetween. The gap between the discharge
electrodes 4 and 5 is preferably from 20 to 50 um.

This embodiment is characterized in that the first and sec-
ond discharge electrodes 4 and 5 are thicker in the portions
including the ends 4a and 5a than in any other portion. More
specifically, the portions of the discharge electrodes from the
ends 4a and 5a to the ends of the portions contained in the
cavity 3 are thicker than any other portion of the discharge
electrodes. When the portions excluding the ends 4a and 5a
are from 5 to 25 pm thick, the portions including the ends 4a
and 5a are preferably from 10 to 50 um thick. The thick end
portions of the discharge electrodes 4 and 5 may have any
length in the range of 5 to 50 pm from the ends of the
discharge electrodes 4 and 5. The thick end portions of the
discharge electrodes 4 and 5 are in contact with a discharge
aid portion 8.

Making the end portions of the discharge electrodes thicker
than any other portion leads to the gap expansion associated
with repeated discharges being slowed down as described
later herein.

The discharge electrodes 4 and 5 can be made of any
suitable metal such as Cu, Ag, Pd, Al, or Ni or any suitable
alloy.

In this embodiment, a lower sealing layer 6 is on the sub-
strate layer 2a. There is also an upper sealing layer 7 covering
the ceiling of the cavity 3. The lower sealing layer 6 and the
upper sealing layer 7 are made of a ceramic material having a
sintering temperature higher than that of the ceramic material
for the insulating substrate 2. In this embodiment, the lower
sealing layer 6 and the upper sealing layer 7 are made of
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Al O;. The lower sealing layer 6 and the upper sealing layer
7 keep the inside of the cavity 3 free of the glass component
in the ceramic greensheets forming the insulating substrate 2.
A glass component penetrating into the cavity 3 erodes the
discharge aid portion, described later herein, and insulating
materials including ceramic particles dispersed in the dis-
charge aid portion, which may damage the insulation between
the first and second discharge electrodes 4 and 5. The edge of
the cavity 3 can be securely sealed by providing the lower
sealing layer 6 and the upper sealing layer 7. However, it is
also possible to omit the lower sealing layer 6 and the upper
sealing layer 7.

A discharge aid portion 8 is on the lower sealing layer 6. As
illustrated in FIG. 1 (), the discharge aid portion 8 contains
metal particles 8a coated with an insulating powder and semi-
conductor ceramic particles 85.

The discharge aid portion 8, containing the metal particles
8a and the semiconductor ceramic particles 85, reduces the
voltage at which a discharge occurs between the first and
second discharge electrodes 4 and 5.

The insulating powder can be a powder of any suitable
organic material such as Al,O;. The metal particles them-
selves can be made of any suitable metal such as Cu or Ni or
any suitable alloy.

Examples of semiconductor ceramic materials that can be
used to make the semiconductor ceramic particles 85 include
carbides such as titanium carbide, zirconium carbide, molyb-
denum carbide, and tungsten carbide, nitrides such as tita-
nium nitride, zirconium nitride, chromium nitride, vanadium
nitride, and tantalum nitride, silicides such as titanium sili-
cide, zirconium silicide, tungsten silicide, molybdenum sili-
cide, and chromium silicide, borides such as titanium boride,
zirconium boride, chromium boride, lanthanum boride,
molybdenum boride, and tungsten boride, and oxides such as
zinc oxide and strontium titanate. Silicon carbide is particu-
larly preferred because of the relative affordability and the
availability of particles in various particle diameters.

Only one or a combination of two or more of such semi-
conductor ceramics may be used. It is also possible to blend
the semiconductor ceramic particles 86 with an insulating
ceramic material such as alumina before use, if necessary.

The discharge aid portion, in which the metal particles 8a
coated with an inorganic insulating powder and the semicon-
ductor ceramic particles 86 are dispersed, allows a surface
discharge to occur between the end 4a of the first discharge
electrode 4 and the end 5a of the second discharge electrode
5 easily, thereby reducing the discharge start voltage. As a
result, the device becomes able to provide more effective
protection against static electricity.

Although in FIGS. 1 (a) and (b) the discharge aid portion is
partially within the bottom of the discharge electrodes 4 and
5, the discharge aid portion may be confined to the gap portion
between the ends of the first and second discharge electrodes
4 and 5. It is also possible to omit the discharge aid portion.

First and second outer electrodes 9 and 10 are on the end
faces 2¢ and 2d of the insulating substrate 2, respectively. The
outer electrodes 9 and 10 can be formed by any suitable
method such as applying and baking an electroconductive
paste. Furthermore, the metallic material for the outer elec-
trodes 9 and 10 may be of any kind; any suitable material such
as Ag, Cu, Pd, Al, or Ni or an alloy of such metals can be used.

The ESD protection device 1 according to this embodiment
is characterized in that the end portions of the first and second
discharge electrodes 4 and 5 are thicker than the other por-
tions, or the portions excluding the end portions, of the dis-
charge electrodes and that the height H of the lowest portion
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6

of the cavity 3 is lower than the thickest portions of the first
and second discharge electrodes 4 and 5. This configuration
has the following advantages.

First, making the first and second discharge electrodes 4
and 5 thicker near the ends 4a and 5a thereof than in any other
portion leads to the improvement of the durability under
repeated use mentioned above. The background is the follow-
ing: An applied electrostatic charge causes an electric dis-
charge to occur between the end 4a of the first discharge
electrode 4 and the end 5a of the second discharge electrode
5. While an electrostatic charge is repeatedly applied, the
ends 4a and 5a of the first and second discharge electrodes 4
and 5, in particular, the end of the discharge electrode con-
nected to the pole which collides with electrons, are heated
and the end portions of the discharge electrodes are melted or
scorched. As a result, the length ofthe gap between the end 4a
of' the first and second discharge electrodes 4 and the end 5a
of the second discharge electrode 5 becomes larger. The
increased length of the gap leads to an increased discharge
start voltage, thereby making the device no longer reliable in
protecting articles such as electronic devices from static elec-
tricity.

Compared to this one, the ESD protection device 1, in
which the first and second discharge electrodes 4 and 5 are
thicker in the portions including the ends 4a and 5a thereof
than in any other portion, experiences only a small increase in
the size of the gap G even if repeated discharges cause the
discharge electrodes to be partially melted.

The ESD protection device 1 according to this embodiment
is also characterized in that end faces 4 and 556 of the portions
of'the first and second discharge electrodes 4 and 5 including
the ends 4a and 5a are straight in a front cross-sectional view.
In other words, the end faces 45 and 55, which are the surfaces
of'the leading ends, have a straight shape when viewed from
a cross-section including the direction where the ends 4a and
5a of the first and second discharge electrodes 4 and 5 face
each other and the direction of the thickness of the first and
second discharge electrodes 4 and 5. This reduces variations
in the size of the gap G and, therefore, reduces variations in
the discharge start electrodes.

The discharges occurring in the ESD protection device 1
according to this embodiment include aerial discharges in the
cavity 3 in addition to surface discharges. The ceiling of the
cavity 3 has the lowest portion, i.e., the cavity 3 has the lowest
height somewhere in the region between the end 4a of the
discharge electrode 4 and the end 5a of the discharge elec-
trode 5. This lowest portion of the cavity is smaller than the
thickness of the thickest portions of the thick end portions of
the discharge electrodes 4 and 5. Reducing the height of the
cavity makes aerial discharges more likely to occur, thereby
reducing the discharge start voltage. As a result, the device
becomes able to provide more reliable protection against
static electricity.

The discharge aid portion 8 also reduces the discharge start
voltage, thereby reducing the discharge start voltage, and
contributes to the improvement of the reliability of the device
in protection against static electricity.

Furthermore, as described above, the lower sealing layer 6
and the upper sealing layer 7 slow down damage to the insu-
lation between the first and second discharge electrodes 4 and
5.

The following describes an example of a method for pro-
ducing the ESD protection device 1. The production of the
ESD protection device 1 begins with preparing a plurality of
ceramic greensheets. A ceramic paste for forming the lower
sealing layer 6 is then applied to one of these ceramic green-
sheets. After the applied ceramic paste is dried, a composite
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paste for forming the discharge aid portion 8 is applied. This
composite paste can be of any kind that contains the metal
particles 8a, the semiconductor ceramic particles 85, a binder
resin, and a solvent. The base ceramic particles can be of the
same kind as those used to make the insulating substrate 2 or
any other suitable insulating ceramic powder.

After the applied composite paste is dried, the first and
second discharge electrodes 4 and 5 are formed. The first and
second discharge electrodes 4 and 5 can be formed by printing
an electroconductive paste or the transfer technique. An elec-
troconductive paste can be printed by any method including
screen-printing the electroconductive paste and repeating the
screen-printing process only within the areas corresponding
to the ends of the discharge electrodes 4 and 5 to be produced
so that the end portions are thicker than any other portion. The
shape of the end portions can be made straight in a front
cross-sectional view or rounded in the thickness direction by
such means as adjusting the precision in printing the pattern,
changing the solvent in the paste for the discharge electrodes,
or regulating the temperatures at which the pastes are dried.

The transfer technique allows the first and second dis-
charge electrodes 4 and 5 to be produced with the end faces 45
and 54 flat. A more specific description is the following:
When the first and second discharge electrodes 4 and 5 form
a projection, a resin paste is held and cured on a supporting
sheet (not illustrated) to form a depression fitting with the
projection. An electroconductive paste is then printed and
dried on the film within the area not covered by the layer of the
cured resin paste. The layer of the curd resin paste is then
removed by any suitable method such as removing the layer
using a solvent. The layer of the dried electroconductive paste
on the supporting film is then transterred to a ceramic green-
sheet. In this way, the first and second discharge electrodes 4
and 5 can be formed on a ceramic greensheet. A transfer
process with high precision in the formation of the end faces
of'the layer of the cured resin paste will ensure high precision
in producing end faces vary flat and straight in a front cross-
sectional view like the end faces 4b and 55 in FIG. 1 (b).

A resin paste for forming the cavity is then printed in the
area where the ends of the first and second discharge elec-
trodes 4 and 5 face each other. Then, a ceramic paste for
forming the upper sealing layer 7 is applied. It is also possible
to apply the resin paste for forming the cavity before forming
the first and second discharge electrodes 4 and 5.

As mentioned above, the height of the cavity 3 of the ESD
protection device 1 according to this embodiment is lower in
the middle of the gap than in any other area. Such a configu-
ration can be achieved by applying the resin paste for forming
the cavity in a thin layer, i.e., applying the resin paste in a layer
thinner than the thickness of the first and second discharge
electrodes 4 and 5 near the ends 4a and 5a thereof. This
ensures the volume of the cavity 3 is small; the cavity 3 is
formed by the gas generated when the resin paste and the
binder contained in the ceramic greensheets are vaporized.
Furthermore, the laminate, mentioned above, is compressed
in the thickness direction while being prepared; the upper
ceramic greensheets are deformed to be convex toward the
resin paste for forming the cavity, which is thicker than the
layers therearound, i.e., convex downward. The cavity 3 can
thus be easily formed by firing with the height of the ceiling
lower in the middle portion than in any other portion as in the
drawings. Itis also possible to form the cavity portion without
applying a resin paste. If no resin paste is applied, however,
the ceramic greensheet above the cavity portion may adhere
to the one below the cavity portion when deformed to be
convex downward, affecting the consistency of the process of
forming the cavity portion. Thus, the cavity portion may also
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be formed with a resin paste applied only in the middle
portion of the area where the cavity portion is to be formed.
This allows a low cavity to be produced with higher consis-
tency.

Although in the production process described above the
resin paste for forming the cavity 3 is supplied after 4 and 5
are formed with the discharge aid portion and the first and
second discharges, it is possible to supply the resin paste
before forming the first and second discharge electrodes 4 and
5.

The first and second outer electrodes 9 and 10 can be
formed by first finishing the insulating substrate 2 by firing
and then applying an electroconductive paste to the end faces
of'the insulating substrate 2 and baking the applied paste. It is
also possible to apply an electroconductive paste after pre-
paring the laminate and then bake the applied electroconduc-
tive paste to complete the outer electrodes 9 and 10 while
firing the laminate to obtain the insulating substrate 2.

The resin paste for forming the cavity 3 can be one con-
taining a suitable resin that is vaporized and generates a gas at
a temperature at which the insulating substrate 2 is fired.
Examples of such resins include suitable synthetic resins such
as polypropylene, ethyl cellulose, and acrylic resins.

Plain ceramic greensheets are then placed on and under the
one on which the first and second discharge electrodes and
other elements have been deposited in the way described
above. The stack of the ceramic greensheets is compressed in
the thickness direction, whereby the laminate is obtained.

An electroconductive paste is applied to both end faces of
this laminate. The laminate is then fired, whereby the ESD
protection device 1 according to this embodiment is obtained.

It is also possible to form the outer electrodes after the
insulating substrate 2 is obtained by firing.

FIG. 2 is a partially cutaway front cross-sectional view of
the essential elements of an ESD protection device 21 accord-
ing to Embodiment 2. The ESD protection device 21 accord-
ing to Embodiment 2 is similar to the ESD protection device
1 according to Embodiment 1 except that the ends 4a and 5a
of the first and second discharge electrodes 4 and 5 are
rounded. The elements described in Embodiment 1 are not
described again, with like reference numerals referring to like
elements.

As in the ESD protection device 21 according to Embodi-
ment 2, the end 4a of the first discharge electrode 4 and the
end 5a of the second discharge electrode 5 may be rounded.
This configuration also ensures that the expansion of the
discharge gap is suppressed in a reliable manner even if a
discharge repeatedly occurs because the first and second dis-
charge electrodes 4 and 5 are thicker in the end portions
thereof than in any other portion.

Furthermore, the ESD protection device 21 is as in
Embodiment 1 except in the above regard; in other regards,
this device has the same operational advantages as those of
the ESD protection device 1 according to Embodiment 1.

FIG. 3 is a partially cutaway front cross-sectional view of
the essential elements of an ESD protection device 31 accord-
ing to Embodiment 3 of the present invention. The ESD
protection device 31 according to Embodiment 3 is charac-
terized in that the shape of the cavity 3 bulges upward like a
dome in a front cross-sectional view as in the drawing. In
other regards, the ESD protection device 31 is equivalent to
the ESD protection device 1.

As in this configuration, the top face of the cavity 3 may be
convex upward like a dome. The cavity 3 can be formed by
supplying a resin paste, a material for forming the cavity, and
vaporizing the supplied paste while firing the ceramics.
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The cavity 3 is produced not only by the gas of the resin
paste but also by those generated by processes such as the
binder resin in the ceramic greensheets turning into a gas. The
resulting cavity 3 is thus usually larger in volume than the
cavity-forming material applied beforechand and convex
upward as in FIG. 3. This configuration also ensures
improved durability of the ESD protection device under
repeated use and reduced variations in discharge start voltage
because the first and second discharge electrodes 4 and 5 are
thicker in the ends 4a and 5a than in any other portion with the
end faces 4b and 55 very flat.

However, Embodiments 1 and 2 are preferred as compared
to Embodiment 3 because in these two embodiments, as men-
tioned above, the lowest portion of the cavity 3 is lower than
the height of the cavity at the thickest portions of the dis-
charge electrodes 4 and 5 at the ends thereof and thus an aerial
discharge is more likely to occur than in the other.

In other regards, the ESD protection device 31 according to
Embodiment 3 is as in Embodiment 1 and thus has the same
operational advantages as those of the ESD protection device
1 according to Embodiment 1.

FIG. 4 is a partially cutaway front cross-sectional view of
an ESD protection device 41 according to Embodiment 4 of
the present invention. The ESD protection device 41 accord-
ing to Embodiment 4 is similar to the ESD protection device
21 in that the ends 4a and 5a of the first and second discharge
electrodes 4 and 5 are rounded in a front cross-sectional view,
and is also similar to the ESD protection device 31 in that the
ceiling of the cavity 3 is like a dome. As in this configuration,
it is possible in the present invention that the ends of the first
and second discharge electrodes 4 and 5 are rounded in a front
cross-sectional view and that the structure of the cavity 3 is
convex upward like a dome. This device is also equivalent to
the ESD protection device 1 according to Embodiment 1 in
other regards; the device offers improved durability under
repeated use for protection against static electricity and has
the same operational advantages as those of the ESD protec-
tion device 1 according to Embodiment 1.

The following describes some specific examples of experi-
ments.

Example 1

A Ba—Al—Si—O ceramic composition was prepared and
calcined at 700 to 900° C. The calcined powder was pulver-
ized, whereby a raw material ceramic powder was obtained.
This raw material ceramic powder was mixed with a mixture
of'toluene and EKINEN, and a resin binder and a plasticizer
were added to form a ceramic slurry. The ceramic slurry was
formed by the doctor blade method into ceramic greensheets
with a thickness of 50 pm. In this way, a plurality of 50-um
thick ceramic greensheets were prepared.

A ceramic paste for forming a sealing layer 6 was printed
on one of the ceramic greensheets in a thickness of 10 pm, and
the printed paste was dried. The ceramic paste contained
Al O,.

After the printed ceramic paste was dried, a composite
paste for forming a discharge aid portion 8 was applied and
dried. This composite paste was prepared in the following
way: a Cu powder having an average particle diameter of 2 pm
was coated with an Al,O; powder having an average particle
diameter of several nanometers to several tens of nanometers,
the obtained metal particles 8a and silicon carbide particles
having an average particle diameter of 1 pm were taken in
specified relative amounts, and a binder resin and a solvent
were added. The composite paste was so prepared that the
total quantity of the binder resin and the solvent was 20% by
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weight of the paste and the balance consisted of the metal
particles 8a and the semiconductor ceramic particles 84.

The electroconductive paste for forming first and second
discharge electrodes 4 and 5 was obtained by mixing a solid
containing 80% by weight of a Cu powder having an average
particle diameter of 2 um and 20% by weight of ethyl cellu-
lose, a binder resin, with a solvent. This electroconductive
paste was screen-printed. More specifically, a layer of 15 pm
thick was first formed by screen printing, and then the screen-
printing process was repeated within the areas corresponding
to the ends of the first and second discharge electrodes 4 and
5 to be produced until the thickness of the end portions
reached 40 pm.

A resin paste was then applied between the first and second
discharge electrodes 4 and 5 in a thickness of 5 um. This resin
paste was obtained by kneading an acrylic resin with a sol-
vent.

A ceramic paste for forming a sealing layer 6 covering the
end portions of'the first and second discharge electrodes 4 and
5 and the applied resin paste was then printed in a thickness of
10 pum, and the printed paste was dried.

Plain ceramic greensheets were placed on and under the
above one, with more than one stacked on each side, and the
stack of the ceramic greensheets was compressed in the thick-
ness direction, whereby a laminate was obtained. A Cu paste
for forming outer electrodes 9 and 10 was applied to both end
faces of this laminate. The laminate was then fired, whereby
an ESD protection device 1 was obtained.

The distance between the first and second discharge elec-
trodes 4 and 5, i.e., the gap length, of the ESD protection
device 1 after firing was 30 um.

The thickness of the first and second discharge electrodes 4
and 5 after firing was 30 pm in the thickest portions on the
leading end side and 10 um in the other portions, i.e., the
portions excluding the ends. The height of the lowest portion
of' the resulting cavity 3 was 10 um.

Example 2

An ESD protection device 21 according to Embodiment 2
was fabricated. The first and second discharge electrodes 4
and 5 were formed as in Example 1, by printing an electro-
conductive paste several times; however, the precision in
printing the pattern was changed so that the ends of the first
and second discharge electrodes 4 and 5 were rounded.

The length of the gap between the ends of the first and
second discharge electrodes 4 and 5 was 30 um. The thickness
of the thickest portions of the first and second discharge
electrodes 4 and 5 was 30 um. The height of the lowest portion
of'the cavity 3 was 10 pm.

Example 3

An ESD protection device 31 according to Embodiment 3,
illustrated in FIG. 3 was formed. The process was as in
Example 1 except that the resin paste for forming the cavity 3
was applied in a thickness of 20 um. As a result, the cavity 3
was formed with the ceiling thereof convex upward, or like a
dome, as illustrated in FI1G. 3. The distance of the gap between
the first and second discharge electrodes was 30 um. The
thickness of the thickest portions of the first and second
discharge electrodes was 30 um. The height of the portion of
the cavity 3 in the middle where the ceiling is the highest was

35 um.
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Example 4

The process was as in Example 1 except that the first and
second discharge electrodes were formed as in Example 2 and
the resin paste for forming the cavity was supplied as in
Example 3.

The length of the gap between the first and second dis-
charge electrodes was 30 pm. The thickness of the thickest
portions of the first and second discharge electrodes on the
leading end side was 30 um. The height of the cavity 3, the
height in the middle portion, was 35 pum.

Comparative Example

An ESD protection device was fabricated as in Example 1
except that the first and second discharge electrodes were
formed by printing an electroconductive paste only once;
although a cavity 3 is between two substrate layers 2a and 25,
the first and second discharge electrodes 121 and 122 are
thinner near the ends 121a and 122a thereof than in any other
portion as illustrated in FIG. 5. More specifically, the first and
second discharge electrodes 121 and 122 become thinner
toward the ends 121a and 122a. The cavity 3 had a shape
convex upward in the middle like a dome.

The length of the gap between the first and second dis-
charge electrodes 121 and 122 was 30 um. The height of the
portion of the cavity 3 in the middle where the ceiling is the
highest was 20 um. The thickness of the thickest portions of
the first and second discharge electrodes 121 and 122, the
thickness of the portions not located near the ends 121a and
1224, was 10 um.

These ESD protection devices according to Examples 1 to
4 and Comparative Example were evaluated for (1) response
to ESD and (2) durability under repeated ESD.

(1) Response to ESD

Electrostatic discharge immunity tests were performed to
evaluate the response to ESD in accordance with the IEC
standard IEC 61000-4-2. The specimens were observed for
the occurrence of a discharge between the discharge elec-
trodes while a voltage of 8 kV was applied thereto by contact
discharge. The devices were assessed as having poor dis-
charge response (x) if the peak voltage detected at the protec-
tion circuit exceeded 600 V, having good discharge response
(O) if that peak voltage was in the range of 450 to 600V, and
having excellent discharge response (O) if that peak voltage
was less than 450 V.

(2) Durability Under Repeated ESD

The specimens were assessed for response to ESD in the
way described above after different voltages were repeatedly
applied thereto by contact discharge as follows: 20 times at 2
kV, 20 times at 3 kV, 20 times at 4 kV, 20 times at 6 kV, and 20
times at 8 kV. The devices were assessed as having poor
durability under repeated ESD (x) if the peak voltage detected
at the protection circuit exceeded 600 V, having good dura-
bility under repeated ESD (QO) if that peak voltage was in the
range of 450 to 600 V, and having excellent durability under
repeated ESD (©) if that peak voltage was less than 450 V.

The results are summarized in Table 1 below.

TABLE 1

Response to ESD Durability under repeated ESD

Example 1
Example 2
Example 3
Example 4

[eleXoxo!
OO

10

15

20

25

35

40

45

60

65
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TABLE 1-continued

Response to ESD
O X

Durability under repeated ESD

Comparative
Example

As is clear from Table 1, the ESD protection device of
Comparative Example was poor in durability under repeated
ESD, whereas those of Examples 1 to 4 were superior in
durability under repeated ESD. In particular, Examples 1 and
2, in which the height in the middle of the cavity was lower
than in the others, exhibited even better durability under
repeated ESD than Examples 3 and 4, presumably because
aerial discharges were likely to occur. Likewise, Examples 1
and 2 exhibited better response to ESD than Examples 3 and
4 and Comparative Example, presumably because aerial dis-
charges were likely to occur.

Then, sets of 30 ESD protection devices were fabricated in
accordance with Comparative Example of Examples 1 to 4
and subjected to the measurement of discharge start voltage.
The variations in discharge start voltage as expressed by a
were not more than 40 for Examples 1 and 3. The value a was
more than 40 and not more than 60 for Examples 2 and 4, and
a was more than 70 and not more than 80 for Comparative
Example. The variations in discharge start voltage were there-
fore smaller in Examples 1 and 3, in which the end faces 45
and 556 of the first and second discharge electrodes were flat.

REFERENCE SIGNS LIST

1...ESD protection device

2 ... Insulating substrate

2a, 2b . . . Substrate layers

2¢,2d . . . End faces

3... Cavity

4,5 ... First and second discharge electrodes
4a,5a . . .Ends

4b,55b . . . End faces

6 . . . Lower sealing layer

7 ... Upper sealing layer

8 .. . Discharge aid portion

8a . . . Metal particles

854 . . . Semiconductor ceramic particles

9,10 . .. First and second outer electrodes
21 .. .ESD protection device

31...ESD protection device

41 . . . ESD protection device

121,122 . . . First and second discharge electrodes
121a,122a . . . Ends

The invention claimed is:

1. An ESD protection device comprising:

an insulating substrate having a cavity therein;

first and second discharge electrodes disposed in the cavity
of the insulating substrate, ends of the first and second
discharge electrodes facing each other with a gap ther-
ebetween;

a first outer electrode on an outer surface of the insulating
substrate, the first outer electrode being electrically con-
nected to the first discharge electrode; and

a second outer electrode on the outer surface of the insu-
lating substrate, the second outer electrode being elec-
trically connected to the second discharge electrode,
wherein

each ofthe ends of'the first and second discharge electrodes
is thicker than any other portions of each of the first and
second discharge electrodes.
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2. The ESD protection device according to claim 1,
wherein the insulating substrate is a ceramic multilayer sub-
strate obtained by firing a stack of a plurality of ceramic
greensheets.

3. The ESD protection device according to claim 1,
wherein a height of a lowest portion of a ceiling of the cavity
is shorter than a thickness of a thickest portion of each of the
ends of the first and second discharge electrodes when a
direction of a thickness of each of the first and second dis-
charge electrodes is defined as a direction of a height of the
cavity.

4. The ESD protection device according to claim 1,
wherein each of the ends of the first and second discharge
electrodes has an end face that is straight when viewed from
a cross-section including a direction where the ends face each
other and the direction of the thickness of each of the first and
second discharge electrodes.

5. The ESD protection device according to claim 1, further
comprising a discharge aid portion being partially overlapped
with the first and second discharge electrodes in an area where
the first and second discharge electrodes face each other with
the gap therebetween, the discharge aid portion containing
metal particles and semiconductor particles.

6. The ESD protection device according to claim 5, further
comprising a sealing layer between the discharge aid portion
and the insulating substrate.

7. A method for producing an ESD protection device, com-
prising:

preparing a plurality of ceramic greensheets;

forming first and second discharge electrodes on at least
one of the plurality of ceramic greensheets so that each
of ends of the first and second discharge electrodes is
thicker than in any other portions of each of the first and
second discharge electrodes;
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placing plain ones of the plurality of ceramic greensheets
on and under the at least one ceramic greensheet having
the first and second discharge electrodes formed thereon
to make a laminate;

firing the laminate to make an insulating substrate having a

cavity in which the ends of the first and second discharge
electrodes face each other, and

forming first and second outer electrodes electrically con-

nected to the first and second discharge electrodes,
respectively.

8. The method for producing an ESD protection device
according to claim 7, wherein forming the first and second
discharge electrodes on the at least one ceramic greensheet
further includes, before forming the first and second dis-
charge electrodes or after forming the first and second dis-
charge electrodes, supplying a cavity-forming material that is
vaporized when fired.

9. The method for producing an ESD protection device
according to claim 7, wherein the cavity-forming material is
so supplied that a height of the cavity-forming material is
lower than a thickness of a thickest portion of each ofthe ends
of the first and second discharge electrodes.

10. The method for producing an ESD protection device
according to claim 7, wherein forming the first and second
discharge electrodes further includes, before forming the first
and second discharge electrodes or after forming the first and
second discharge electrodes, forming a discharge aid portion
being partially overlapped with the first and second discharge
electrodes on the at least one ceramic greensheet, wherein the
discharge aid portion comprises a metallic material and a
semiconductor material dispersed therein.

11. The method for producing an ESD protection device
according to claim 10, wherein forming the discharge aid
portion on the at least one ceramic greensheet includes form-
ing a sealing layer on the at least one ceramic greensheet and
forming the discharge aid portion on the sealing layer.

#* #* #* #* #*
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